Rainwater tanks are a common feature of the urban landscape in Australia and globally. In Brisbane, Australia, provision of alternative water in new homes is mandatory and to meet this requirement rainwater tanks are considered an important option. The water savings of rainwater tanks can help defer investments in supply infrastructures. An emerging concern is that there is currently no mechanism in place for making sure that the household rainwater collection systems are maintained and in a good condition. In fact, in many locations, there is growing concern about whether the condition of this asset stock is adequate. The paper presents: a synthesis of required basic water tanks maintenance tasks; a short overview of published literature on householder motivations for maintenance; a synthesis of existing information about the condition of tanks, based on literature; simulation model results identifying the relationship between frequency of inspections and the (stationary) proportion of tanks with different types of problems; and the results of a survey to identify judgements about water tank maintenance in the region by professionals and plumbers. The paper concludes that there is a need for collecting more data and that mechanisms need to be in place to ensure the ongoing condition of tanks.
INTRODUCTION
Rainwater harvesting and collection in tanks as a supplement to water provisions is adopted widely in many cities around the world. The reasons for the uptake of this practice vary depending on the location, but usually relate to the need to provide water when other sources are inadequate for ensuring safe and sustainable supply (Sharma et al. ; Zhang et al. ) . In Australian cities, household rainwater tanks have been promoted by the use of legislation, rebate schemes and subsidies, as a way to reduce the severity of water restrictions, and to improve the supply-demand balance. As a consequence, the uptake of rainwater tanks for suitable dwellings (The Australian Bureau of Statistics defines a 'suitable dwelling' as a separate house, semi-detached, row/terrace house, townhouse; etc flats and units are not included in the classification (Australian Bureau of Statistics )) is above 40% in some major capital cities such as Brisbane and Adelaide.
In South East Queensland (SEQ), and in most of Queensland, new single dwellings are required to have rainwater tanks and/or other non-mains water sources installed, such as greywater treatment plants, communal rainwater tanks, dual reticulation or treated storm water, in order to meet specified mains water savings targets (Queensland Government ). Beal et al. () have shown that average water savings of approximately 40-50 kL/household/ yr can be achieved in cases when tanks are plumbed into the house to toilets and washing machines. The actual water savings however vary due to a number of factors, such as rainwater demand (e.g. from external or internal uses), household size and rainfall (Beal et al. ) .
In places such as SEQ, rainwater tanks provide an increasingly important contribution to urban water supplies and it can therefore be argued that it is important to protect the government's and the community's investment in such tanks installed in new homes (Gardiner ) . Rainwater tank uptake is highest in new dwellings, with 57% of new houses less than 1 year old being connected to a rainwater tank (Australian Bureau of Statistics ). The costs for installing and operating rainwater tanks are in many circumstances competitive compared with alternative water sources (Gardner & Vieritz ) , such as additional dams, but this competitiveness depends on the exact amounts of maintenance costs (Tam et al. ) . Some would argue however that this comparison is unfair because the expected yields from rainwater tanks are climate dependent whilst yields from for example desalination plants are not.
From a water management and planning perspective, rainwater tanks provide some public good benefits, in the form of water savings and can provide an independent supply during water restrictions, plus provide reductions in peak stormwater runoff. The yield provided by the tank system however depends on a number of parameters, including the rainfall, demand, and tank capacity. The demand for tank water depends considerably on the whether the tank is used externally, and/or whether it is plumbed into the house to provide water for toilets and/or other appliances. Private benefits include the independent supply of water of reasonable quality at times of water restrictions.
This investment in private infrastructure is considered by water planners in their projections, who thereby may be able to defer major investments in watersupply infrastructure. It is therefore of public interest to protect this private investment. In Australia, however, some water planners are becoming increasingly worried about the condition of the stock of rainwater tanks in private ownership, but there is limited data to gauge whether there is a real need for concern. This paper focuses primarily on issues relating specifically to SEQ which has seen a considerable uptake of rainwater harvesting practices and where data exist. This paper lays out the basic maintenance tasks, relevant policy considerations and issues relating to householder motivations for maintenance which are concerns that need to be considered within the ambit of rainwater tank management. This paper also explores what is known about the condition of tanks, based on literature, and professional judgements. Ultimately, but not addressed in this paper, this is part of a research study with a goal to provide some recommendations on possible ways to address this issue in an overall management framework.
This study is focussed on the SEQ region of Australia, but the approach and investigations conducted in this paper will help water planners across the globe to investigate the condition of rainwater tanks and management issues where rainwater tanks are implemented as part of integrated urban water management.
RAINWATER TANK MAINTENANCE AS PART OF MANAGEMENT
Rainwater tank management, from a policy makers' perspective, involves ensuring that rainwater tanks perform adequately, as well as to minimise any public health risks.
Health risks concern primarily drinking water quality (Ahmed et al. ) , as well as the risk of mosquito breeding in tanks or associated pipes (Mariappan ) . Performance of tanks tends to be defined in terms of achieving target water savings. In addition to factors such as type of enduses that the rainwater tank is plumbed to, demand (household occupancy), presence of water in the tank and climate, and others, the achievement of these goals depends on design, installation and the condition of the tank. As such, maintenance practices are critical for ensuring the ongoing condition of tanks. In addition, inspection programs are critical for planners' gaining trust in that outcomes are being achieved. How these processes all fit in within rainwater tank management is shown in Figure 1 Rounded boxes signify critical outcomes in rainwater tank management, and rectangles signify key processes in rainwater tank management. 
Policy development
• Plumbing codes describing plumbing requirements, i.e. for example how can a rainwater tank be plumbed into the dwelling • Public Health Acts, providing guidance on issues such as water quality, risk of mosquito breeding, and potential liability if public health is endangered • Guidance on minimum roof area connectivity (for example 100 m 2 as per local codes in SEQ), sizing of rainwater tank, rainwater supply to various appliances • Guidelines on roles and responsibilities for rainwater tank maintenance Table 2 . These practices are not difficult or extensive but require some level of understanding and motivation to undertake the management of rainwater tanks. There are also a large number of other guidelines available (Queensland Health ; WSAA ; Australian Government ; Queensland Government ).
Householder maintenance practices, understanding and motivations
At present, householders have the responsibility for management of their rainwater tanks, thus they need to know how to do the required O&M tasks, and also they need to be motivated to undertake the required tasks. water supply is the main source of water, rainwater is connected mainly to garden tap, laundry and/or toilet cistern.
In addition, rainwater tanks systems must be fitted with mains water back-up to ensure continuous water supply.
As a result, there is large variance in the understanding of rainwater risks and attitudes towards maintenance b Note: HB230 (Standards Australia, 2008) recommends placing of rainwater outlets to dwellings at a minimum height to prevent uptake of sludge upon water extraction. In addition it recommends desludging at a frequency of 2-3 years. Note also that in urban areas mandated uses are restricted to non-potable uses (toilet flushing, irrigation and washing machine) only hence the risk of ingestion by users is considered minor.
maintenance. For instance, 50% of the sample of mandated tank owners reported never having conducted maintenance such as cleaning of gutters or screens, inspection of the inside of the tank, or only did so if a problem was detected (Gardiner ). It seems likely that a key factor in these findings is that the tanks were relatively newly installed, and that maintenance requirements would therefore be limited.
White () conducted a survey of 279 SEQ households with rainwater tanks regarding O&M practices and concluded that maintenance of rainwater tanks was adequate, with tank owners reporting on average 6.2 hour per year on gutter maintenance, with 76% performing self-maintenance, 12% relying on professional service and 12% relying on visiting friends or family. However, it was also reported that long-term behaviour would be difficult to gauge as the majority of tanks were less than 3 years old and 86% less than 1 year old at the time of that survey (White ). The message from this finding is that among the mandated sample, people felt as though they did not know enough about rainwater tank maintenance and they
were not willing to put in the effort to find out more or to engage in many of the maintenance behaviours required. This suggests that greater education is needed among those who install rainwater tanks or other decentralised systems on their property as part of a government mandate, rather than as an individual choice to do so.
The subject of 'choice' seems an important one when dealing with psychological motivation that will ultimately drive householders' behaviour. 
JUDGEMENTS ON TANK CONDITIONS
If there is relatively little known about the motivation of tank owners to engage in O&M activities, there is even less known about actual rainwater tank conditions. Therefore, in the absence of real data on tank conditions, and without the opportunity or permission to collect such data, the authors have undertaken surveys of water professionals and plumbers to elicit their judgements of tank conditions.
The results of these surveys are described below.
Water professionals' judgements
As there are no direct data available, the authors undertook Figure 4 showing the percentage of respondents on the y-axis, and the judged percentage of tanks being kept in good condition on the x-axis.
In this survey, participants were also asked to specify how often a rainwater tank fails for each failure mode (Moglia et al.
).
To illustrate these data, the judged time until failure of the pump if there is no maintenance is shown in Table 3 .
These data are based on the question: 'If a pump is not being maintained, please estimate the time before it will become non-functional?' Similar tables are available in Table 3 for a number of additional failure modes, i.e. relating to gutters, pumps, mosquito meshing and structural integrity. (inspection probability in each time step ¼ 1/inspection frequency); (3) in each monthly time step, randomly assign inspections to tanks, and randomly test whether a tank fails according to time to failure probability distributions; and (4) take an average of the stationary results (when the curve has been allowed to converge to a stationary value and when the average no longer varies outside given limits).
The output of these simulations is shown in Table 4 ; showing the relationship between frequency of inspections and the (stationary) proportion of tanks with different types of problems. The combined likelihood of occurrence of no problems in tanks is shown in Table 5 . Details of the simulation are described in (Moglia et al. ) .
Plumbers' judgements
It was thought that plumbers may be able to make better judgements on the condition of the asset stock of rainwater tanks in SEQ, and they were therefore surveyed specifically within a smaller sample of 15 plumbers. The views of the plumbers were largely consistent with those found in the professional survey, with average judged frequencies of various types of problems shown in Table 6 .
The main reasons for failures were considered to be, in descending order of importance: (1) not enough maintenance, (2) poor installation (3) poor, faulty, or inadequate design, and (4) mistakes in maintenance. For mandated tanks, they judged a higher likelihood of mistakes in maintenance, but a lower likelihood of poor installation.
It is acknowledged that the sample of tanks that plumbers encounter is probably of lesser condition than the average tank as it is thought that plumbers are only called upon when there is a problem. On the other hand, plumbers are probably only called upon by tank owners that are motivated enough to pay money to fix the tank. If comparing the judged frequencies of faults in Table 6 with those predicted frequencies of failures in tanks as shown in Tables 4 and 5 , we can see that judgements are consistent with O&M on pumps, tanks and mosquito meshing every 2 years or so, and checking gutters every 3-6 months or so. This is furthermore relatively consistent with common views expressed by stakeholders in interviews on the typical householder O&M behaviour. More than a year 63.9 100.0 100.0 a Note: The cumulative probability is the sum of the probability density function (i.e. the probability of failure up until this point in time), assuming that the responses in column two represent a probability density function of pump lifetimes. The survival function is 100% minus the cumulative probability function. b Note: The hazard rate at time t is the conditional probability of failure at t, given that the component has not failed up until point t-1. It is calculated as the probability density function divided by the survival function.
DISCUSSION
libertarian views of property rights and economic freedoms, and the need for collectively collaborating for a common good as described by Sheard () 
CONCLUSIONS
Rainwater tanks are an increasingly common feature of urban water planning in Australia and globally. Maintaining a tank is not difficult, but it has to be done, or the tank will deteriorate. Deterioration of the tank, if not attended to, will lead to broken down pumps (impacts on potential for water savings especially if the system is plumbed into the house and in turn, on local strategic water planning), inadequate mosquito meshing (increasing the risk of mosquito-borne disease in the urban landscape), Note: The basis of these data is the computer simulations, with the survey data used to established probability density functions as inputs into the modelling exercise. The four modes referred to are: blocked gutters, broken pumps (pumps/parts), broken meshing (mosquitoes) or structural failure (structural integrity). Note: The basis of these data is the computer simulations, with the survey data used to establish probability density functions as inputs into the modelling exercise.
water quality concerns (limiting the usefulness of the water source to non-potable applications) and problems with plumbing, first flush devices, switching valves and gutters (will limit the potential water capture by tanks). There is currently no satisfactory data on the condition of rainwater tanks, and such data are urgently needed. In its place, judgements by plumbers, tank owners and water professionals paint a bleak picture, with potentially up to 46% of pumps broken, 37% of mosquito meshing inadequate, and a range of other problems. Hopefully, problems are not as bad as this indicates, but this reiterates the need for collecting better data. If such data will show that there is indeed a problem, as is probably expected, then there is a need for urgent review of the current management paradigm for rainwater tanks. Policy currently does not cover tank management after it passes into private ownership, but this may somehow need to be addressed in some way; preferably in a way that maintains and increases householders' motivation for engaging in tank maintenance, rather than diminishes it.
